pend on histological subtype and localization of primary melanoma. Non-V600E BRAF mutations mostly occur in patients with primaries on 'head and neck' as well as 'trunk' but not on 'extremities'.
Introduction
Since 2011 and 2013 the BRAF inhibitors vemurafenib and dabrafenib have been approved by the Food and Drug Administration to treat unresectable or metastatic melanoma in patients with BRAF V600 mutations. Although BRAF inhibitors achieve a median progression-free survival of 5.3 (vemurafenib) and 5.1 months (dabrafenib) [1, 2] , resistance develops under treatment [3, 4] . Thus, metastatic melanoma remains incurable with a 1-year survival rate of 83% in patients with stage IV BRAF mutant melanoma treated with a BRAF inhibitor, 29% BRAF mutant melanoma not treated with a BRAF inhibitor, and 37% in patients with BRAF wild-type melanoma [5] . Recently, trametinib, an oral selective MEK inhibitor, was approved [6] and the combination of dabrafenib plus trametinib showed response rates of 76% compared to 54% with dabrafenib monotherapy [7, 8] . Likewise, the combination of vemurafenib and the MEK inhibitor cobimetinib has shown response rates of 68% compared to 45% with vemurafenib monotherapy and significant improvement in progression-free survival with 9.9 months compared to 6.2 months among patients with BRAF V600-mutated metastatic melanoma [9] . Most BRAF mutations are V600E, although a subset of patients exhibits non-V600E exon 15 mutations at or around V600. Both, melanomas carrying BRAF V600E and non-V600E mutations, have been shown to respond to mitogen-activated protein (MAP) kinase inhibition [1-3, 7, 9-11] . Since inhibition of the MAP kinase pathway is an effective treatment in patients exhibiting the BRAF V600 mutation, it is essential to acquire knowledge about the distribution of these mutations.
Interestingly, the historical melanoma subtypes classified by anatomical site show a differential distribution of mutation frequencies [12] . BRAF mutations in cutaneous melanomas without chronic sun-induced damage yielded a BRAF mutation rate of 59%, while other cutaneous melanomas on skin with chronic sun-induced damage, mucosal and acral melanomas showed a comparatively lower BRAF mutation rate with 11, 11 and 23%, respectively [13, 14] . Although it has been shown in epidemiologic studies that ultraviolet (UV) light plays a causative role in the development of cutaneous malignant melanomas (reviewed in Whiteman et al. [15] ), its role for the most common melanoma-associated mutations remains controversial since BRAF V600E and NRAS Q61L/R do not carry the genetic alterations typically provoked by UV light [16, 17] . UV-induced mutations present as alterations in adjacent pyrimidines with the transcription errors G:C>A:T or GG:CC>AA:TT. The latter, cytosine tandem mutation, is considered as specific marker of UVB-induced gene alteration [18, 19] . Since only 2% of the BRAF (not at codon 600) and 15% of the NRAS mutations in melanoma carry mutations specific for UVB [20] , malignant transformation may be explained by the sun's ability to generate reactive oxygen species, inflammation and immunosuppression [19] . In favor of the sun's direct involvement in melanomagenesis are statistically significant hot spot mutations in three melanoma genes (RAC1, STK19, PPP6C) linking UVB mutagenesis mechanistically to this malignancy [17] . Additionally, p53 previously thought not to be relevant in melanomagenesis has been shown to accelerate BRAF V600E-driven melanomagenesis [21] .
Furthermore, about 4% of all melanomas are melanomas of unknown primary (MUPs), and thus their origin is unknown [22] [23] [24] [25] . Explanations for the absence of a visible primary include spontaneous regression of the primary tumor [23, 25] , origin from ancestral nevus cells in lymph nodes [26] , an unrecognized primary tumor or a previously excised but misdiagnosed lesion, or origin at an unusual or concealed primary site [27] . First studies investigating mutation status have indicated a mutation profile consistent with cutaneous melanomas rather than from melanomas of acral, mucosal or uveal origins, on grounds of increased C>T/G>A alterations, frequent oncogenic mutations in BRAF and NRAS, and a propensity for tumors to arise in skin-draining lymph nodes [27] .
This study investigates the distribution of BRAF mutations in melanomas according to localization and histological subtype. It compares the BRAF mutation profile of MUPs with those with known primary.
Patients and Methods

Patients
A total of 179 consecutive stage IV metastatic melanoma patients (excluding uveal melanoma) with 185 tumor lesions (156 primary tumors, 29 melanoma metastases with unknown primary) consulting the University Hospital Erlangen were reviewed. Data on the patients' histological melanoma subtype, localization of primary tumor and BRAF mutation status were gathered from patient files.
One patient showed two histological components in the primary tumor, the nodular and the superficial spreading subtypes, and was thus counted as two tumor samples. Five patients presented with two primary tumors, respectively. In 5 cases there were no data available on histological melanoma subtype, so these patients were excluded from our calculations.
Tumor Samples
Tumor material was taken from 185 formalin-fixed paraffinembedded tissue samples from metastatic lesions with 48.7% skin metastases, 8.3% lymph node metastases, 10.9% visceral metastases and from 43 primary tumors (16.2%). In 15.8% there were no data available which localization the sample for mutation analysis was taken from.
DNA Extraction and Mutation Analysis
DNA extraction and mutation analysis were performed as described recently in Heinzerling et al. [28] . Briefly, genomic DNA was extracted from 2-to 3.5-μm sections of formalin-fixed paraffin-embedded tissue blocks. The relevant tumor area was marked by a pathologist (A.H.) and microdissected. After deparaffinization, DNA was prepared as described recently using the NucleoSpin ® Tissue kit according to the manufacturer's instructions [29] . 129 DNA was amplified using the multiplex PCR kit according to the instructions of the manufacturer (Qiagen, Hilden, Germany) and the following primers: forward: 5 ′ -TGA AGA CCT CAC AGT AAA AAT AGG-3 ′ , and reverse: 5 ′ -biotin AAA ATG GAT CCA GAC AAC TGT TC-3 ′ . The cycling was performed as follows: a single cycle of denaturation at 95 ° C for 15 min, 42 cycles of 95 ° C for 20 s, 61 ° C for 30 s and 72 ° C for 5 min, and a final 5-min extension at 72 ° C. For pyrosequencing (PyroMark Q24, Qiagen) singlestranded DNA was prepared from 40 μl biotinylated PCR product with streptavidin-coated sepharose and 0.5 μ M of the sequencing primer: 5 ′ -GGT GAT TTT GGT CTA GC-3 ′ using the PSQ Vacuum Prep Tool (Qiagen). The setup for the pyrosequencing assay was selected with the following sequence in 'sequence to analyze': TACAGA/TGAAA. The A/T describes the hot spot mutation site at codon 600 and primarily describes the V600E with a substitution of GTG (valine) by GAG (glutamic acid). The following dispensation order was used: GTACACGATG. The 'C' was included as an internal control.
Distribution of BRAF Mutations
Statistical Analyses
Fisher's exact test was used to test for correlations.
Results
A total of 179 patients were characterized for BRAF mutation status. Out of these, 145 patients had 151 primary tumors which were additionally assessed for histological subtype and localization. Twenty-nine patients had MUPs and 5 patients presented without data on the primary tumor. To acquire BRAF mutation status, an accessible tumor sample was analyzed including primary tumors, skin metastases, lymph nodes and distant metastases (lung, liver, gastric, pancreas, brain, intestinal, soft tissue). BRAF wild-type was present in 55.7% (n = 103) and mutant BRAF in 44.3% (n = 82) of tumor samples. In the group with BRAF mutations, 80.5% (n = 66) were BRAF V600E and 19.5% (n = 16) non-V600E BRAF mutations including the variants V600K, V600G, V600D, V600D K601del, V600R, L597S, V600E (GAA), V600E K601del (details published in [30] ).
There were 5 patients who presented with two primary tumors. Both tumors in each patient carried the same mutation. SSM (superficial spreading melanoma) was present in 26.1% (n = 47), NM (nodular melanoma) in 29.4% (n = 53), ALM (acral lentiginous melanoma) in 7.8% (n = 14) and mucosal melanoma in 15.0% (n = 27). Overall, 5.6% (n = 10) presented with other cutaneous melanoma subtypes (lentigo maligna melanoma, n = 1; desmoplastic melanoma, n = 2; nevoid melanoma, n = 5; polypoid melanoma, n = 1; spitzoid melanoma, n = 1). In 16.1% (n = 29) no primary tumor could be detected (MUP).
Distribution of BRAF Mutations Depending on Histological Subtype and Localization of the Primary Tumor
The BRAF V600E mutation rates in SSM and NM were 40.4 and 45.3%, respectively. ALM and mucosal melanoma showed a lower BRAF V600E mutation rate with 28.6% (ALM) and 11.1% (mucosal melanoma), respectively. While none of ALM or mucosal melanoma carried a non-V600E BRAF mutation, 17.0% of the SSM and 9.4% of the NM subtypes presented with a non-V600E BRAF mutation ( table 1 ) . BRAF mutations were significantly associated with SSM (p = 0.042) and showed a tendency of association with NM (p = 0.099). ALM was not associated with BRAF mutation status (p = 0.269), while mucosal melanoma was highly significantly associated with BRAF wild-type (p < 0.001). The difference in frequency of non-V600E BRAF mutations in NM and SSM was not significant (p = 0.373).
Analysis of frequency of BRAF mutations in cutaneous melanomas on 'head and neck', 'trunk' and 'extremities' showed the highest BRAF mutation rates in melanomas on 'head and neck' (62.5%), followed by 'trunk' (52.8%) and 'extremities' (51.5%; fig. 1 ). The proportion of BRAF V600E mutations was at all body sites higher than the proportion of non-V600E BRAF mutations, but not equally distributed. While on 'trunk' 39.6% of cutaneous melanomas showed V600E and 13.2% non-V600E BRAF mutations, on 'head and neck' it was 37.5 vs. 25.0%, respectively. Strikingly, patients with primary tumors on 'extremities' never presented with non-V600E BRAF mutations and thus showed a statistically significant association with the BRAF V600E mutation (51.1%, p = 0.012; Values are numbers of tumor probes with percentages in parentheses. Other = Lentigo maligna melanoma, nevoid, polypoid, desmoplastic and spitzoid melanoma. 
BRAF Mutation Profile in MUPs
In MUPs the proportion of BRAF V600E (34.5%) and non-V600E BRAF mutations (10.3%) resembled the distribution of BRAF mutations in superficial spreading and nodular melanomas (43.0% BRAF V600E vs. 13.0% non-V600E BRAF; fig. 2 ). MUPs showed a statistically significant higher rate of BRAF mutations as compared to mucosal melanomas (44.8% in MUP vs. 11.1% in mucosal melanoma; p = 0.01). There was no statistically significant difference in the BRAF mutation status between MUP and ALM (p = 0.34).
Discussion
This study characterizes the distribution of non-V600E and V600E BRAF mutations in patients with stage IV metastatic melanoma according to histological subtype and localization of the primary tumor. It strengthens recent discoveries on the etiology of MUPs. For the first time it describes the vast differences of frequencies of non-V600E mutations depending on the localization of the primary tumor.
Our findings with 57.4 and 54.7% BRAF mutations in SSM and NM are in concordance with prior publications showing that these subtypes of cutaneous melanoma exhibit BRAF mutations more frequently with 64 and 50% in SSM and NM than ALM and mucosal melanoma [5] . However, whereas we showed 28.6 and 11.1% BRAF V600 mutated tumors in ALM and mucosal melanoma (14 and 27 cases, respectively), these frequencies were 0 and 16.2% in a US study investigating 26 and 111 cases of ALM and mucosal melanoma, respectively [31] . In a European study investigating 5 and 6 cases, rates were 0% (ALM) and 17% (mucosal melanoma), respectively [5] . A Swedish study found 17% of BRAF mutations in 88 cases of ALM [32] . Interestingly, we saw higher BRAF mutation rates in ALM and slightly lower rates in mucosal melanoma.
We detected BRAF mutations on 'extremities' in 51.5% of tumors, on 'trunk' in 52.8% of tumors and in 62.5% of tumors on 'head and neck' which is higher compared to the results of Menzies et al. [5] -especially on 'head and neck' -with 41, 50 and 42% on 'extremities', 'trunk' and 'head and neck', respectively. When looking at V600E and non-V600E BRAF mutations, 'head and neck', 'trunk' and 'extremities' were investigated separately to avoid erroneous inferences due to unequal surface areas of body sites [15] . Non-V600E BRAF mutations were highest on 'head and neck' (25%), present in 13.2% on 'trunk' and not present on 'extremities'. In contrast, Menzies et al. [5] compared these frequencies of BRAF mutation status across body sites. Furthermore, the Australian group investigated only V600K mutations [5] . When calculating the respective rates from their data ( table 2 ) , the rate of V600K mutations was similar to the frequencies of our non-V600E mutations with 10.7 and 3.4% on 'trunk' and 'extremities', respectively. Only the head and neck region showed a much higher non-V600E mutation rate in our cohort with 25% compared to 16.7% in Menzies et al. [5] . Though neither V600E nor V600K or any other BRAF mutation detected in our patient group carries a known UVB-induced gene alteration [20] , there are still indicators that these differences in distribution could be associated with UV irradiation. While this study did not assess the degree of solar elastosis -a marker for cumulative sun damage and for sun exposure [33, 34] -'head and neck' was previously shown to be the body site associated with chronic sun-induced damage as opposed to 'trunk' and 'extremities' [13] . Furthermore, (1) BRAF V600K mutations have been shown to be associated with solar elastosis and (2) BRAF V600E mutated melanomas with little or no solar elastosis [5] . Provided that German patients in general are exposed to less total UV irradiation, the shift towards a higher percentage of V600E compared to non-V600E/V600K mutations is thus in line with these findings.
In our collective, 16.1% of patients presented with MUP, a relatively high number in comparison to other studies [22] [23] [24] [25] . The proportion of BRAF V600E and non-V600E BRAF mutations in metastases of patients with MUP are similar to the results of a comprehensive study showing a mutational profile of various melanoma hot spot genes in MUP typical of cutaneous melanomas [27] .
Conclusion
In conclusion, mutation frequencies vary depending on localization of the primary tumor and on the histological subtype. The mutation profile of MUPs is similar to that of superficial spreading and nodular melanomas; thus, most likely MUPs originate from these cutaneous melanoma subtypes. Patients with ALM and mucosal melanoma should be assessed for BRAF mutations since V600 mutations are sometimes present in these subgroups. The type of BRAF mutation depends on the localization of the primary with significantly more non-V600E BRAF mutations on 'head and neck' and 'trunk' compared to primaries on 'extremities'.
